Background-Prognostic evaluation of patients with primary pulmonary hypertension (PPH) requires right heart catheterisation. The development of accurate non-invasive methods for monitoring these patients remains an important task. Cyclic guanosine monophosphate (cGMP) is an indicator of the action of natriuretic peptides and nitric oxide on target cells. Plasma and urinary cGMP concentrations are raised in patients with congestive heart failure in whom they correlate closely with haemodynamic parameters and disease severity. The aim of the present study was to determine whether the urinary concentration of cGMP could be used as a non-invasive marker of haemodynamic impairment in patients with severe PPH. 
Primary pulmonary hypertension (PPH) is defined by the presence of pulmonary hypertension (mean pulmonary artery pressure >25 mm Hg at rest or >30 mm Hg during exercise), normal pulmonary wedge pressure, and the absence of a secondary cause such as parenchymal lung disease, congenital heart disease, pulmonary vasculitis, collagen vascular disease, and obstruction of pulmonary large vessels including chronic thromboembolic disease. 1 2 PPH is a severe condition, diYcult to assess and to control. Treatment is based on vasodilator agents such as calcium channel inhibitors and prostacyclin, anticoagulation, and lung or heart-lung transplantation. [3] [4] [5] Prognostic evaluation of these patients requires invasive procedures, the most reliable data being provided by right heart catheterisation. 6 7 The development of accurate non-invasive methods for monitoring these patients remains an important task.
Cyclic guanosine monophosphate (cGMP)-an intracellular second messenger of nitric oxide (NO), bradykinin, and natriuretic peptides-acts to regulate the haemodynamic status. 8 9 cGMP is an indirect marker of natriuretic peptides or nitric oxide production; it is produced by the activation of the enzyme guanylate cyclase which is present intracellularly in two forms: a cytosolic form activated by NO and a membrane bound form activated by natriuretic peptides including atrial and brain natriuretic peptide (ANP and BNP). [8] [9] [10] Plasma and urinary cGMP concentrations correlate with the plasma concentrations of natriuretic peptides. 11 12 Urinary cGMP is of plasma origin (after glomerular filtration), but is also produced locally as a result of the action of natriuretic peptides on the collecting ducts. 13 Excreted urinary cGMP levels are therefore dependent on both cGMP plasma levels and renal function.
14 Since the increase in plasma cGMP appears to be closely associated with the plasma concentration of natriuretic peptides, cGMP is assumed to be an indicator of the action of natriuretic peptides on target cells 12 leading to natriuresis, diuresis, vasodilation, and anti-renin/angiotensin activity. 15 Plasma and urinary cGMP concentrations and plasma concentrations of ANP and BNP are increased in patients with congestive heart failure where they are closely correlated with the haemodynamic parameters and disease severity. 10 11 16 Similarly, increased plasma concentrations of natriuretic peptides have been found in patients with PPH or pulmonary hypertension secondary to chronic obstructive pulmonary disease. [17] [18] [19] [20] [21] [22] In patients with pulmonary hypertension secondary to chronic obstructive pulmonary disease Adnot and colleagues showed that these values correlated with the clinical and haemodynamic profile of the patients, increasing with decompensation and oedema and decreasing with clinical and haemodynamic improvement. 19 To test the hypothesis that the urinary cGMP concentration could be regarded as a non-invasive marker of haemodynamic impairment in patients with severe PPH, we determined whether there was a correlation between urinary cGMP levels and haemodynamic parameters of PPH severity measured by right heart catheterisation.
Methods

PATIENTS
Nineteen consecutive non-smoking patients (11 women) of mean (SD) age 43 (4) years with severe PPH were included in the study. PPH was diagnosed according to the NIH criteria.
1 All patients were referred to the Service de Pneumologie et Réanimation Respiratoire at the Hôpital Antoine Béclère for diagnostic right heart catheterisation and acute vasodilator challenge. Patients with significant renal disease, infection, malignancy, those who were HIV positive, and all patients receiving active vasodilator treatment were excluded. Personal consent was obtained from all patients for urine collection. We also collected urine samples from seven patients hospitalised for acute asthma (five non-pregnant women and two men) and from 30 normal healthy non-smoking volunteers (20 non-pregnant women and 10 men) of mean (SD) age 45 (7) years.
HAEMODYNAMIC STUDIES
All patients with PPH underwent diagnostic right heart catheterisation under standard conditions. Swan-Ganz catheters were used to measure resting right atrial pressure (RAP), systolic and diastolic pulmonary artery pressure (PAP), and pulmonary wedge pressure. The cardiac output (in triplicate) was determined using the flow directed thermodilution technique and the cardiac index (CI) was calculated. Blood samples from the pulmonary artery were collected for determining mixed venous oxygen saturation (SvO 2 ). Mean pulmonary artery pressure (mPAP) and total pulmonary vascular resistance (TPVR) were calculated. Right heart catheterisation was performed 24-48 hours after urine sample collection.
SAMPLE COLLECTION
Single spot urine samples, both in patients and in controls, were collected between 08.00 and 10.00 hours in sterile vials and placed immediately on ice, put into aliquots, and stored at -20°C. Cyclic GMP determination was performed using an immunoreactive method and measured by radioimmunoassay (cGMP assay RPA 525; Amersham, Bucks, UK). 23 Urine samples were diluted 10 and 100 fold in buVer assay. Urinary creatinine concentrations were determined enzymatically in parallel and data were given as cGMP excretion rates (nmol cGMP/mmol creatinine) to avoid interference with variable renal excretory function. 24 The intra-assay and inter-assay variations were each less than 10%. Plasma creatinine concentrations were within the normal range in all patients. ANALYSIS , and 55 (2)%, respectively. All patients had severe dyspnoea (functional class III or IV) and impaired exercise capacity was demonstrated using the unencouraged six minute walk test (344 (28) metres).
Urinary cGMP excretion rates were significantly increased in patients with PPH (251 (26) nmol/mmol creatinine) compared with normal healthy controls (51 (4) nmol/mmol creatinine, p = 0.001) and patients with acute asthma (71 (8) nmol/mmol creatinine, p = 0.001; fig 1) . There was no diVerence between male and female patients with PPH (262 (39) and 236 (36) nmol/mmol creatinine, respectively, p>0.5). In order to determine whether urinary cGMP concentrations fluctuate in a single individual, urinary samples were collected from 12 patients with PPH on two or three separate occasions; day to day cGMP urinary excretion variability was limited with a mean variation of 15% (fig 2) . Poor prognosis in PPH is associated with a low CI (<2 l/min/m 2 ) and low SvO 2 (<60%). 6 7 We therefore separated our patient population into two groups according to these validated haemodynamic markers of severity. Significantly higher cGMP urinary concentrations (330 (26) nmol/mmol creatinine) were found in patients with a low CI (n = 9) than in those with a CI of >2 l/min/m 2 (180 (31) nmol/mmol creatinine, n = 10, p<0.01; fig 3) . In patients with PPH urinary cGMP concentrations were inversely correlated with CI (r = -0.65, p = 0.003; fig 4) . Statistical analysis failed to show a significant increase in cGMP urinary concentrations in patients with SvO 2 of <60% (278 (28) nmol/mmol creatinine, n = 14) compared with those with SvO 2 of >60% (146 (88) nmol/ mmol creatinine, n = 5; p = 0.12). However, there was an inverse correlation between SvO 2 and urinary cGMP concentration in patients with PPH (r = -0.60, p = 0.01). There was no significant correlation between cGMP urinary concentrations and exercise capacity, mPAP, or RAP.
Discussion
PPH is a severe condition and its monitoring usually requires repeated invasive procedures such as right heart catheterisation. 6 7 The development of a non-invasive method for assessing the haemodynamic status of these patients is of major clinical importance. In this study we have shown that patients with severe PPH have increased urinary cGMP concentrations compared with patients with respiratory diseases without pulmonary hypertension (such as acute asthma) or normal healthy controls. Moreover, urinary cGMP concentrations were higher in patients with severe haemodynamic impairment (CI <2 l/min/m 2 ) and urinary cGMP concentrations were inversely correlated with CI and SvO 2 . The urinary cGMP concentration could therefore be regarded as a non-invasive indicator of disease severity in PPH.
Our findings are in agreement with previous studies showing raised urinary cGMP concentrations in patients with cardiac congestive failure of various aetiologies (ischaemic heart disease, valvular heart disease, and cardiomyopathy). 11 Vorderwinkler and colleagues showed that increased plasma cGMP concentrations were sensitive markers of chronic heart failure.
14 Similarly, Hirata and coworkers found increased plasma ANP and cGMP concentrations in a large series of patients with chronic heart failure of left ventricular origin and suggested that plasma levels of cGMP reflect the circulating concentrations of natriuretic peptides. 16 However, plasma levels of cGMP may only reflect a momentary situation in a localised area of the circulation and may have important diurnal variations, whereas urinary levels reflect the cumulative eVect of natriuretic peptides over a longer period of time. 24 Increased plasma ANP concentrations can be detected in patients with pulmonary hypertension complicating severe chronic obstructive pulmonary disease where its levels correlate directly with the degree of haemoconcentration, respiratory acidosis, and pulmonary hypertension. [17] [18] [19] Similarly, pulmonary hypertension secondary to severe interstitial disease is associated with increased plasma ANP levels. 20 From a physiopathological point of view, patients with PPH represent a model of pure right ventricular failure. Raised plasma ANP levels have been detected in patients with PPH, similar to those found in patients with cardiac congestive failure of primarily left ventricular origin. 21 22 To our knowledge this study is the first to report the measurement of urinary cGMP concentrations in patients with PPH. Importantly, we excluded patients treated with drugs such as nitrates and other vasodilators which may increase cGMP urinary levels.
Natriuretic peptides represent the response of cardiac and vascular myocytes to enhanced wall stress and stretching. 25 26 ANP and BNP production is one of the consequences of the myocardial and vascular remodelling which characterises pulmonary hypertension and right ventricular hypertrophy. Urinary cGMP is of plasma origin as a result of renal clearing 27 and of renal origin as a result of local production by the distal nephron (mostly by the medullary collecting tubules) under the direct action of natriuretic peptides. 13 As renal failure can modify cGMP urinary levels, we selected patients with normal renal function. Moreover, it is important to note that measurements of cGMP urinary excretion rates (nmol cGMP/ mmol creatinine) are believed to be independent of renal excretory function and could therefore be used in patients with impaired renal function. 24 In conclusion, we have shown that urinary cGMP determination represents a noninvasive indicator of the haemodynamic status of patients with PPH. Although this marker correlates with validated indicators of disease severity, further studies are needed to evaluate the prognostic value of urinary cGMP concentration in terms of survival and its kinetics during chronic vasodilator therapy.
